BACKGROUND: The effects of chronic exposure to two neonicotinoids (clothianidin and imidacloprid) and two organophosphates (chlorpyrifos and dimethoate) on survival, developmental rate and larval weight of honey bee larvae reared in vitro were determined. Diets containing chemicals were fed to larvae with the range of concentrations for each compound based on published acute toxicity experiments and residues found in pollen and nectar, both components of the larval 
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pesticides on honey bee larvae. [43] [44] [45] [46] Chronic exposure to pesticides impact the survival and development of bee brood. 47 Conceivably, impacts on the larval phase could lead to weakening of the colony structure over time. The toxicity of neonicotinoids and organophosphorus on adult workers is well investigated, but little is known about their toxicity to larvae.
A difficult challenge facing those investigating honey bee toxicology lies in determining if sublethal effects of pesticides on brood play a role in colony loss in field conditions. Risk assessments contributing to this determination should be based on the probability of exposure to actual residue levels. We used various concentrations of our test pesticides (chlorpyrifos, dimethoate, imidacloprid, clothianidin) chosen based on published acute toxicity experiments and/or found in pollen and nectar. The latter were chosen in order to mimic realistic exposure scenarios of honey bee larvae to diet containing treated pollen and/or nectar. In a previous study, we determined as a first step the acute toxicity of these pesticides in treated food to larvae reared in vitro. 45 The objective of the present study was to assess the chronic effects of two neonicotinoids and two organophosphorus pesticides to honey bee brood reared in vitro at different exposure concentrations according to residue levels found in pollen/nectar (see Table 1 ) and from our previous acute toxicity test. Larvae were transferred from the larval STCP to the prepared pupal STCP when all available diet had been consumed (as early as D6). Pupal STCPs were maintained at 75% R.H. and 35C. Adult worker bees began to eclose as soon 18 days after grafting.
Emerging adults were collected at least twice daily and were maintained in hoarding cages with ad libitum access to pollen and 50% sugar water solution (w/v). 
Experimental design
The reported residue levels of the pesticides of interest found in pollen and nectar in honey bee colonies are incredibly broad. Therefore, we tested a wide range of concentrations for each compound based on residues found in pollen and nectar 32, 38 and the acute toxicity data from our previous study. 45 The concentrations of each substance are listed in Table 1 . Chlorpyrifos, dimethoate and imidacloprid were dissolved in methanol to prepare stock solution and clothianidin was dissolved in acetone. The solvent accounted for 0.5% of the volume in final diets. vitro were used at D2 to replace the larvae that died before they had started consuming the diet containing the pesticide (< 5% mortality at this point). On D2, a
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Accepted Article minimum of twelve robust larvae per replicate were randomly selected and fed 20 μL of the diet B containing the test substance of their designated treatment group. Larvae were fed 30 μL, 40 μL, and 50 μL of Diet C containing the test solution designated to their assigned treatment group on D3, 4, and 5 respectively.
Endpoints
Larval survival was assessed daily by viewing larvae under a dissecting microscope. Larvae were considered dead if there was no spiracle movement. Pupal survival was monitored daily by visual inspection of the pupae. Dead pupae were recognized by occasional black or white sub-dermal necrotic stains or visible wilting.
Any larvae or pupae determined to be dead were removed from the STCPs. Percent survival rates were calculated as follows:
Larval survival = (# larvae that reached D9/# larvae D2) × 100
Pupal survival = (# adults that eclosed/#larvae that reached D9) × 100
Total survival = (# adults that eclosed/#larvae D2) × 100.
The developmental rate was calculated for each treatment group as follows:
Larval developmental rate = date of pupation initiation -grafting date Larval NOAED = NOAEC (no observed adverse effect concentration)  cumulative consumption of diet
Statistics analysis
Statistical analyses were performed using the SAS 9.2 software program (USA). 51 Overall survival curves were compared for each compound using a
Kaplan-Meier survival analysis. Survival endpoints (larval survival, pupal survival, and total survial) were determined using ANOVA and Tukey's HSD tests. The survival data were normalized with an arcsine-square root transformation of proportions prior to the ANOVA analysis. ANOVA and Tukey's HSD tests were used to compare developmental rates (larval, pupal and total) and larval weight among the experimental groups. We used the U.
S. Environmental Protection Agency's BeeREX
Accepted Article model to calculate risk quotients (RQs) for all test compounds (https://www.epa.gov/sites/production/files/2015-11/beerexv1.0.xlsx).
RESULTS

Chlorpyrifos
Overall survival of larvae fed 0.5 mg/L chlorpyrifos was not significantly different from that of larvae fed diet containing the solvent control, but was significantly lower from those fed the negative control diet (Table S1 , Fig. 1A ).
Overall survivals of larvae fed 0.8, 1.2 or 8 mg/L chlorpyrifos were all significantly lower than those of larvae fed the negative and solvent control diets (Table S1 , Fig.   1A ). A one-way ANOVA was conducted to evaluate for differences between treatment groups in the chlorpyrifos study for larval survival (F 34 = 52.45, p < 0.0001), pupal survival (F 34 = 18.15, p < 0.0001), and total survival (F 34 = 45.15, p < 0.0001).
Larval survival was unaffected in individuals fed 0.5 mg/L chlorpyrifos though it was significantly lower than that of the negative and solvent controls for individuals fed 0.8, 1.2 and 8 mg/L chlorpyrifos ( Fig. 2A) . The highest chlorpyrifos concentration (8 mg/L) affected pupal survival compared to that of the solvent and negative controls ( Fig. 2A) . Total survival of larvae fed 0.8, 1.2 and 8 mg/L chlorpyrifos was significantly lower than that of the negative or solvent controls (Table S1 , Fig. 2A ).
NOAEC (no observed adverse effect concentration) of chlorpyrifos was 0.5 mg/L.
A one-way ANOVA indicated differences between treatment groups in the chlorpyrifos study for larval developmental rate (F 187 = 4.651, p = 0.0005) and pupal rate (F 187 = 2.993, p = 0.0127), but not total rate (F 187 = 1.617, p = 0.1570). Despite
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of the other treatment groups (F 197 = 1.40, p = 0.2163, Fig. S2 ).
Dimethoate
Larvae fed the lowest concentration of dimethoate (0.02 mg/L) had significantly lower overall survival than those fed the negative control but not solvent control (Table S3 , Fig. 1C) diets. There were no significant differences between the overall survival of larvae fed 1 mg/L or 6 mg/L dimethoate and those fed negative control or solvent control diets (Table S3 , Fig. 1C ). Conversely, larvae that were fed the highest concentration of dimethoate (45 mg/L) had significantly lower overall survival than those fed the negative control and solvent control diets (Table S3 , Fig. 1C ). A one-way ANOVA indicated differences between treatment groups in the dimethoate study for larval survival (F 29 = 32.22, p < 0.0001), pupal survival (F 34 = 735.38, p < 0.0001) and total survival (F 34 = 29.07, p < 0.0001), but all were due to higher mortality in the positive controls than in any other treatment group (Fig. 2C) . NOAEC of dimethoate was 6 mg/L.
A one-way ANOVA indicated differences between treatment groups in the dimethoate study for larval developmental rate (F 244 = 4.829, p = 0.0003) and pupal developmental rate (F 244 = 3.1570, p = 0.0088), but not total developmental rate (F 244 = 1.061, p = 0.3830). Despite this, no meaningful patterns are discernable (Fig. S4 ).
Larval weight was not affected by dimethoate relative to any of the other treatment groups (F 254 = 1.49, P = 0.1935, Fig. S2 ).
Imidacloprid
Larvae fed 0.4 mg/L and 10 mg/L imidacloprid diet did not have different overall
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(https://www.epa.gov/sites/production/files/2015-11/beerexv1.0.xlsx) 1 . Maximum residues in pollen/bee bread or in nectar are derived from the literature. 32, 38 Larval NOAED values are derived from our data. 
DISCUSSION
Honey bees are significant contributors to pollination services in many agricultural systems world-wide. 2 As such, they are inadvertently exposed to Accepted Article pesticides used in crop production. While the effects of pesticides on adult honey bees has been well studied, the effects on immature bees have been largely overlooked. Honey bee larvae can become exposed to a wide range of pesticides via their diet which includes pollen and honey, both of which have been shown to have pesticide residues. It is possible that exposure to pesticides as immatures can impact colony health and development adversely. Here, we focused on the chronic toxicity of chlorpyrifos, clothianidin, dimethoate and imidacloprid to honey bee larvae reared in vitro.
Laboratory bioassays play an important role in assessing the risk of pesticide exposures, as many factors may be different under field conditions. Field-level experiments can be biased by many uncontrolled factors such as weather, pests and management, but the rearing of honey bee larvae in vitro allows for more controlled experiments. 51 In vitro rearing honey bee larvae protocols useful for toxicity tests have been published and improved through time. [52] [53] [54] We used the latest in vitro rearing larvae protocol by Schmehl et al. 48 to determine the impacts of our test compounds on developing bees. This methodology has helped to standardize in vitro rearing bioassays and facilitate ecotoxicological studies on honey bees, as demonstrated by this study.
Previous studies have demonstrated a high acute oral toxicity of clothianidin to honey bees, 9,11,55 but chronic oral exposure at relatively low levels has induced only slight reductions of sucrose responsiveness. 31 We observed that at 10× the mean There has been a tremendous amount of work that has been conducted to evaluate the toxicity of imidacloprid to bees, especially regarding possible sublethal effects. Our data collectively suggest that most of the death due to pesticide exposure would happen in the larval stage rather than in the pupal stage for the compounds we tested. This was the case for each compound that impacted larval survival in our study.
None of the test compounds affected any developmental rate or larval weight predictably at the test concentrations. In our study, weight and developmental rate were uninformative end-points and failed to provide any toxicological insight beyond that provided by survival.
Our data show that the survivorship (survival to eclosion as adults) was reduced Table 3 , columns 1 and 3. Data analysis corresponds to Table S1-S4.
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